This study describes the process of developing an enzymatic pretreatment to improve the nutritional value of feather meal (FeM). In a first experiment, a full factorial design was used to examine the effects of various incubation conditions on the solubilization of nitrogen in FeM. We incubated FeM for 3 h with various levels of a commercial alkaline serine protease (Savinase ® 16L), sodium sulphite (Na 2 SO 3 ), and digestion buffer. A Savinase ® 16L level of 3% (%FeM v/w), Na 2 SO 3 level of 3% (%FeM w/w), and digestion buffer level of 500% (%FeM w/w) were identified as the optimal conditions. Under these optimal conditions, 45% of the nitrogen in FeM was solubilized. In a second experiment, we evaluated the effect of more economically sustainable incubation conditions on the in vitro digestibility of protein (pepsin-HCl digestibility and multistep protein evaluation) in FeM. Two FeMs were incubated with 0.5% Savinase ® 16L (%FeM v/w), 2% Na 2 SO 3 (%FeM w/w), and 200% buffer (%FeM w/w) for 24 h. The pretreatment improved pepsin-HCl digestibility by 7-16% and the total tract degradable protein content by 14-50%. Accordingly, this novel pretreatment could be applied in the animal feed industry to improve the nutritional value of FeM.
Introduction
Feather meal (FeM) is a cost-effective and high-protein (75-85%) feed ingredient created through the steam hydrolysis of keratinous coproducts generated by the meat industry [1, 2] . Such keratinous waste consists mostly of poultry feathers, but also includes hog hair and hooves.
Raw keratin is virtually indigestible due to the cross-linking of disulphide bridges [3] . To make raw keratin digestible, the rendering industry uses steam hydrolysis along with high pressure to break down these chemical bonds [3] . Once hydrolyzed, the keratinaceous material is dried, cooled, and milled to produce the free-flowing palatable meal known as FeM.
Despite its interesting characteristics (high in protein and cost-effective), FeM is notorious amongst feed industry stakeholders for its variability in nutritional value [1, 2] . Variability in FeM protein digestibility has been associated with the use of diverse raw materials and commercial processing systems under various processing conditions (pressure, temperature, time) by renderers [3] .
In previous studies, we have demonstrated that incubating FeM with 0.5% Savinase ® 16L (%FeM v/w), 2% Na 2 SO 3 (%FeM w/w), and 200% buffer (%FeM w/w) for 24 h significantly (p < 0.005) improved the digestibility and bioavailability in FeM fed to rainbow trout (Oncorhynchus mykiss) [1, 2] . Moreover, FT-Raman analyses suggested that this pretreatment facilitated the digestibility of protein in FeM by reducing the concentration and conformational stability of disulphide bonds in this feed ingredient [2] .
The development of this process was based on other studies demonstrating that raw keratin could be efficiently hydrolyzed using the protease Savinase ® 16L along with a reducing agent [4, 5] . Furthermore, additional studies proposed that disrupting disulphide bonds caused reducing agents to unfold the protein structure of keratin, thereby exposing peptide bonds to proteases, which subsequently cleaved protein into peptides and amino acids making keratin soluble [5, 6] .
Given the success of this pretreatment for improving amino acid utilization in FeM fed to rainbow trout, it was considered valuable to share the steps involved in its development. Through a first experiment, the effects of incubation buffer level, Savinase ® 16L level, and sodium sulphite level on the hydrolysis of FeM were assessed. Subsequently, incubation conditions were selected and their effect on the in vitro digestibility of protein in two FeMs was evaluated.
Materials and Methods

Experiment 1
Feather Meal and Reagents
The FeM used in this trial consisted of a mixture of steam-hydrolyzed hog hair and broiler feathers (approximately 15% and 85%, respectively). This FeM was from the same batch as FeM1 used in Pfeuti et al. [2] . The chemical composition of this FeM (FeM1) is described in Table 1 . Sodium sulphite and commercial protease Savinase ® 16L (product number S0505 and P3111, respectively) were purchased from Sigma-Aldrich (Sigma-Aldrich Inc., MD, USA). Savinase ® 16L is an alkaline serine protease from Bacillus sp. with an activity of 16,000 novo protease units. Isoleucine  40  39  35  38  Leucine  67  65  62  66  Lysine  18  18  22  23  Methionine  5  5  6  6  Phenylalanine  40  39  34  36  Threonine  39  38  38  40  Valine  60  58  51  56 Non-essential amino acids (g/kg as is) Alanine  38  37  36  38  Aspartic acid  56  55  55  58  Cyst(e)ine  35  36  41  43  Glutamic acid  92  90  97  101  Glycine  65  63  58  62  Proline  83  78  68  73  Serine  93  88  81  84  Table 1 . Cont.
Feather Meals
FeM1 PTFeM1 FeM2 PTFeM2
Cross-linked amino acids (g/kg as is) 
Experimental Design and Procedures
The effect of three factors on the degree of hydrolysis (DH) of FeM1 were evaluated through a full factorial design: (1) Savinase ® 16L loading at 0%, 1%, 2%, and 3% of FeM (v/w), (2) sodium sulphite level at 0%, 1.5%, 3% of FeM (w/w), and (3) digestion buffer level at 200%, 350%, and 500% of FeM (w/w). A total of 36 experiments were conducted in triplicate at all points in a fully randomized design. The levels for each variable were selected based on preliminary work and previous studies [5, 7, 8] .
FeM samples (20g) were mixed with various levels of Savinase ® 16L (0%, 1%, 2%, or 3% FeM (v/w), sodium sulphite (0%, 1.5%, or 3% FeM (w/w), and digestion buffer (200%, 350%, or 500% FeM (w/w) in 250 mL plastic bottles with screw caps (Sorvall ® Instruments, Wilmington, DE, USA). The buffer was prepared by mixing distilled water with tris (0.01 M) and sodium azide (0.05% w/v) according to Coll et al. [9] . The pH of the digestion buffer was adjusted to the optimum level recommended by the enzyme manufacturer (pH 10) by adding 0.2 N NaOH. Hydrolysis was initiated prior to incubation by adding Savinase ® 16L to the mixtures. Each incubation was performed for 3 h in a temperature-controlled water bath (Haake SWB25, Karlsruhe, Germany) with constant agitation (110 rpm) and temperature adjusted to the optimum temperature for the enzyme (55 • C). Each treatment was performed in triplicate.
The treatments were terminated by adding one volume of 20% trichloroacetic acid (TCA) solution, which was followed by centrifugation at 4000 rpm for 10 min (Eppendorf 5810 R equipped with an A-4-62 rotor, Hamburg, Germany) to collect a 10% TCA-soluble nitrogen solution as the supernatant. The supernatant was then transferred into a separate container and stored overnight at 4 • C until nitrogen analysis.
Laboratory Analyses
The FeM and 10% TCA-soluble supernatants were analyzed for nitrogen via the macro-Kjeldahl method [10] using a Kjeltec protein analyzer (Model #8200, Tecator, Hoganas, Sweden). Distilled solutions were titrated using 0.1 M hydrochloric acid. Nitrogen analyses were performed twice for every incubation sample to increase confidence in the results.
Calculations and Statistical Analyses
The DH was calculated as per the methodology described by Hoyle and Merrit [11] using:
DH =
Total TCA-soluble nitrogen in supernatant Total nitrogen in 20g of feather meal × 100 JMP ® , V12.2.0 (SAS Institute Inc., Cary, NC, 1989-2007) was used to analyze the full factorial design. The linear and quadratic effects of the three variables (buffer, Savinase ® 16L, and sodium sulphite) and their interactions on the degree of hydrolysis were calculated. The significance of these variables were assessed by analysis of variance (ANOVA) and considered significant at p < 0.05. The experimental data were fitted using a second-order polynomial equation to describe the main effects in terms of linear, quadratic, and interactions:
where Y is the degree of hydrolysis, X i is the independent variables, and b i is the regression coefficients. The fit of the second-order equations were evaluated by the determination of R-squared coefficient and adjusted R-squared coefficient. The DH of the 36 combinations were grouped per inclusion level for each factor (buffer, protease, and sodium sulphite) and compared by a one-way ANOVA followed by Tukey's HSD (honestly significant difference), with differences being considered significant at p < 0.05. Digestion buffer, enzyme, and sodium sulphite levels were regressed against DH to determine the linear and quadratic effect of the variables on DH, which were considered significant at p < 0.05.
Experiment 2
Feather Meal Samples and Reagents
The FeMs (FeM1 and FeM2) used in the study were obtained from two different local rendering plants and were sourced from the same batch used in Pfeuti et al. [2] . Both FeMs (FeM1 and FeM2) were composed of approximately 15% hog hair and 85% chicken feathers (see Table 1 for their chemical compositions). Reagents were obtained from the same sources as in Experiment 1.
Enzymatic Pretreatment of Feather Meal
The two FeMs were pretreated as described by Pfeuti et al. [2] . Briefly, one kilogram batches of FeM were mixed with 2 L of digestion buffer (200% digestion buffer, %FeM w/w) and 2% sodium sulphite (%FeM w/w) in 3 litre plastic containers (B350-Urisafe ® , Simport, Saint-Mathieu-de-Beloeil, QC, Canada). The pH of the mixture was adjusted to 10 using 0.2 M NaOH. The hydrolysis process was performed in a shaking incubator (G25, New Brunswick Scientific, Enfield, CT, USA) set at 55 • C and 200 rpm. Enzymatic hydrolysis was initiated by adding 0.5% of Savinase ® 16L (%FeM v/w) (Sigma-Aldrich Inc., MD, USA). After 24 h, the enzyme was deactivated by heating the mixtures to 90 • C for 5 min in a microwave oven. The two pretreated FeMs (PTFeMs) were then lyophilized and milled. The PTFeMs resulting from the pretreatment of FeM1 and FeM2 were identified as PTFeM1 and PTFeM2, respectively (see Table 1 for their chemical compositions).
In Vitro Digestibility of Feather Meal
FeM and PTFeM samples were sent to Cumberland Valley Analytical Services (Madison, WI, USA) to assess in vitro pepsin-HCl digestibility according to (1) AOAC Official Method 971.09 [10] and (2) multistep protein evaluation (MSPE) according to Ross et al. [12] .
Results and Discussion
Experiment 1
The present study is, to the authors' knowledge, the first published study to investigate the dynamics of various combinations of digestion buffer, protease enzyme, and sodium sulphite levels on the enzymatic hydrolysis of FeM. The responses of DH to Savinase ® 16L level (X1), sodium sulphite level (X2), and digestion buffer level (X3) on the DH are reported in Table 2 . Maximum DH (45.1%) was achieved with 3% protease (%FeM w/w), 3% sodium sulphite (%FeM w/w), and 500% digestion buffer (%FeM w/w). In this research effort, we observed that FeM could be successfully hydrolyzed when incubated with Savinase ® 16L and sodium sulphite. This indicates that the method developed by Eslahi et al. [5] -who extracted keratin from wool and feathers using an enzymatic treatment along with a reducing agent-was also applicable to hydrolyzing FeM. The analysis of variance for DH is shown in Table 3 . The linear effect of Savinase ® 16L level and of sodium sulphite level along with the interaction effect between the two were substantially higher than other effects (p < 0.0001), establishing that these are the most significant factors affecting the DH. The quadratic effects of both digestion buffer level and Savinase ® 16L level presented a very high effect (p < 0.001) in the model. The quadratic effect of the sodium sulphite level did not have a significant (p < 0.05) effect in the model. The analysis of variance established that the model is statistically valid with p < 0.001.
The DH has been modeled by keeping significant factors (p < 0.05) in the following equation:
The polynomial prediction equation for DH had a r 2 = 0.941, an adjusted r 2 = 0.936, and a p < 0.0001. The adjusted r 2 implies that 93.6% of the behaviour variation of DH can be explained by the fitted model. 
The analysis of the model revealed that the optimal parameters required to obtain the highest DH (45.1%) were: 3% of protease (%FeM w/w), 3% of sodium sulphite (%FeM w/w), and 500% of digestion buffer (%FeM w/w). This combination of parameters in the model is identical to the one promoting the highest experimental responses.
The optimal incubation parameters represent the highest inclusion levels tested for all three factors. Notably, from an economic standpoint, the level of added protease and digestion buffer represent decisive factors affecting the cost of the enzymatic pretreatment process [13, 14] . Indeed, protease cost is a critical consideration in commercial operations; therefore, its use should be minimized [15] . Moreover, increased digestion buffer inclusion involves greater thermo-energetic input costs for drying the sludge into a powdered form that can be incorporated into feed formulations [16] . Consequently, we decided to select a lower inclusion level for each factor to develop a more cost-effective pretreatment by using a simplistic, but systematic approach. To do so, we performed Tukey's HSD analyses for each factor and determined the linear and quadratic effects of the factors on the degree of hydrolysis (Table 4 ). The level of Savinase ® 16L had significant positive linear (p < 0.0001; r 2 = 0.45) and quadratic (p < 0.0001; r 2 = 0.45) effects on DH (Table 4 ). Normah et al. [17] reported a positive increase in DH values based on enzyme:substrate (E:S) ratio studies on the hydrolysis of proteins from fish by-products with the commercial enzyme Alcalase ® . They explained that this phenomenon was due to greater enzyme concentrations providing more available active sites to hydrolyze the substrate. However, there is a stronger quadratic than linear relationship between Savinase ® 16L concentration and DH. Furthermore, Normah et al. [17] also stated that DH should not be expected to rise linearly with increased protease level since proteolytic activity is limited by the availability of susceptible peptide bonds to hydrolysis, which is consistent with the results of the present study.
The DH increased most when increasing Savinase ® 16L level from 0% to 1% (%FeM v/w), and then stopped increasing significantly with each protease increase of 1% (%FeM w/w), which can be seen in Table 4 . This observation is also in agreement with the study of Normah et al. [17] , who reported no significant increase in DH above an enzyme substrate ratio (E:S) of 2%. Moreover, data from Normah et al. [17] showed that an E:S of 0.5% has 85% to 90% of the efficacy of an E:S of 1% on DH after 3 h of incubation.
Moreover, studies investigating the kinetics of fish by-product hydrolysis showed that equivalent DH levels were reached at low enzyme levels for prolonged incubation times and at high protease inclusion for short hydrolysis periods [15, 18] . Therefore, it was considered that 0.5% Savinase ® 16L (%FeM v/w) may be sufficient for our application if the incubation period was extended.
Selecting Sodium Sulphite Level
Significant positive linear (p < 0.0001) and quadratic (p < 0.0001) effects on DH from sodium sulphite were observed (Table 4) . DH significantly increased (p < 0.05) with each increase of sodium sulphite (Table 4 ). However, the increase of DH was greater when increasing sodium sulphite from 0% to 1.5% (%FeM w/w) than from 1.5% to 3% (%FeM w/w).
Interestingly, the addition of Na 2 SO 3 at any given Savinase ® 16L level enhanced the hydrolytic capacity of the protease more than an increase in enzyme loading alone. For instance, at 1% Savinase ® 16L (%FeM v/w), 0% Na 2 SO 3 (%FeM w/w), and 350% buffer (%FeM w/w), increasing Savinase ® 16L loading to 3% augmented DH by 4.2% while raising sodium sulphite level to 1.5% increased DH by 10.4% ( Table 2 ). On the other hand, DH in runs containing Na 2 SO 3 only (no protease in the mixture) was higher than for those without both sodium sulphite and protease. These results are congruent with the mechanistic concept proposed by multiple authors, whereas a reducing agent (disulphide reductase or chemical reductant), in our case sodium sulphite, enhanced the decomposition of keratin by rupturing the disulphide bridges, thus facilitating the access of proteases to the peptide bonds [4, 5] . These observations suggest that sodium sulphite level is a limiting factor for the capacity of the protease to hydrolyze FeM. This was supported by the significant interaction (p < 0.05) between Savinase ® 16L and Na 2 SO 3 in the analysis of variance for DH (Table 3 ). Since the price per ton of sodium sulphite is substantially lower than that of commercial proteases ($36.60 USD for 250 g of sodium sulphite versus $189.00 USD for 250 mL of Savinase ® 16L [19] ), it is highly advantageous to maximize the inclusion of sodium sulphite while minimizing the use of protease. Therefore, adding more than 1.5% of sodium sulphite (%FeM w/w) to the incubation mixture was considered more efficient and cost-effective.
Furthermore, one mole of sodium sulphite reacts with one mole of cysteine, while the molar mass of sodium sulphite (126.04 g/mol) is approximately half that of cystine (242.32 g /mol). Given that FeM contains approximately 3.8% of cysteine (as is basis), adding 2% of sodium sulphite (%FeM w/w) to the mixture should theoretically be sufficient to reduce all disulphide bonds. As such, 2% sodium sulphite (%FeM w/w) was considered appropriate for our application.
Selecting Digestion Buffer Level
Robust trends toward the significance of linear (p = 0.0504) and quadratic (p = 0.0509) effects of digestion buffer level on DH were observed (Table 4) . Notably, DH remained at approximately 10% for all three levels of digestion buffer at 0% Savinase ® 16L (%FeM v/w). This demonstrated that increasing the buffer level has a minimal effect on DH if there is no protease in the incubation mixture to hydrolyze FeM. Significant linear (p = 0.005; r 2 = 0.10) and quadratic (p = 0.01; r 2 = 0.09) positive relationships between buffer level and DH were observed when all incubations with 0% Savinase ® 16L (%FeM v/w) were removed from the model.
Significant improvements (p < 0.05) in DH were only observed when the digestion buffer level was increased from 200% to 350% (%FeM w/w), which can be seen in Table 4 . This is in agreement with Benjakul and Morrissey [8] , who optimized the hydrolysis conditions of Pacific whiting solid wastes using the commercial proteases Alcalase ® and Neutrase ® . They observed no significant change in the solubilization of fish by-products when hydrolyzed with the protease Alcalase ® at a digestion buffer level greater than 300% (% substrate w/w). Though significant (p < 0.05), the impact on DH of increasing the buffer level from 200% to 350% (%FeM w/w) was minimal, as highlighted by a 4.1% increase in the DH. Therefore, we have judged that a digestion buffer level of 200% might be sufficient for our application.
Experiment 2
In Experiment 1, maximum DH was achieved when incubating FeM with 3% of Savinase ® 16L (%FeM v/w), 3% of sodium sulphite (%FeM w/w), and 500% of digestion buffer (%FeM w/w). However, data analysis along with literature suggested that reduced inclusion levels of the factors could be used to efficiently hydrolyse FeM. Therefore, we decided to assess the effect of incubating two FeMs of different origins for 24 h in 200% of digestion buffer (%FeM w/w), 0.5% of Savinase ® 16L (%FeM v/w), and 2% of sodium sulphite (%FeM w/w) on their in vitro digestibility.
Effect of Enzymatic Pretreatment on In Vitro Digestibility
The pepsin-HCl digestibility and MSPE results of the two FeMs and their pretreatments are presented in Table 5 . Pepsin-HCl digestibility and MSPE are two in vitro methods commonly used in the animal feed industry to evaluate the protein digestibility of FeM. The Association of American Feed Control Officials (AAFCO) stipulates that no less than 75% of the protein content in FeM must be digestible in a 0.2% pepsin-HCl solution to ensure the adequate processing of the ingredient [20] . However, several studies reported poor correlations between the pepsin-HCl digestibility assay and the in vivo digestibility of FeM in chickens [21, 22] . Therefore, we decided to assess the effect on the pretreatment using MSPE. MSPE is an in vitro procedure developed by Ross et al. [12] to rapidly evaluate the ruminal and intestinal digestibility of protein in cattle. Table 5 . Pepsin-HCl digestibility and multistep protein evaluation of the two feather meals (FeMs) and their pretreated counterparts. The pepsin-HCl digestibility of protein in both untreated FeMs was above 75%, which conforms to the main protein quality requirement of the industry [20] . The pretreatment increased pepsin-HCl digestibility from 79.4% to 92.0% and 84.3% to 90.5% in FeM1 and FeM2, respectively.
Pepsin-HCl Digestibility (% N)
Multistep Protein Evaluation
The total tract digested protein (TTDP) values measured via the MSPE test in the two untreated FeMs were comparable to those reported by Cotanch et al. [23] . MSPE results showed that the pretreatment increased TTDP values from 52.8% to 79.0% and 72.5% to 82.9% in FeM1 and FeM2, respectively. The TTDP levels observed in the PTFeMs were greater than those reported by Cotanch et al. [23] for conventional untreated FeMs. Interestingly, the pretreatment enabled the transformation of the two untreated FeMs with very different TTDP levels into two PTFeMs with high and similar TTDP contents. This latter phenomenon suggests that the pretreatment could enable the transformation of FeMs with various digestibility levels into PTFeMs with high and similar digestibility levels.
Results from the MSPE test indicated that both PTFeMs presented higher contents of soluble and rumen degradable protein. However, both FeMs had higher rumen undegradable and intestinal digested protein content compared to their PTFeM counterparts. The latter phenomenon can be explained by the fact that ingredients with low ruminal digestible protein content will have higher rumen undigestible protein content, which enables a higher level of protein to reach the intestinal tract, where it can be digested.
Conclusions
The present article aimed to describe the experimental procedure performed to develop an enzymatic pretreatment that was demonstrated to improve the amino acid utilization in FeMs fed to rainbow trout [1, 2] . Experiment 1 demonstrated that, following a 3 h incubation period, the optimal combination of 3% Savinase ® 16L (%FeM v/w), 3% Na 2 SO 3 (%FeM w/w), and 500% digestion buffer level (%FeM w/w) solubilized 45% of nitrogen in FeM. However, the more economically feasible option of incubating FeM with 0.5% Savinase ® 16L, 2% Na 2 SO 3 , and 200% buffer over 24 h was found to improve the in vitro digestibility of protein in the two FeMs. This pretreatment improved pepsin-HCl digestibility by 7-16% and TTGP by 14-50%. Therefore, both in vitro methods enabled a detectable improvement in protein digestibility as a result of our pretreatment. The experimental procedure described in this study enabled the development of an enzymatic pretreatment that (1) improves the nutritional value of protein in FeM fed to rainbow trout and (2) requires lower levels of Savinase ® 16L, sodium sulphite, and digestion buffer than the optimal levels determined by full factorial design.
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